Wang J, Chiu Y. Systemic hypoxia enhances exercise-mediated bactericidal and subsequent apoptotic responses in human neutrophils. J Appl Physiol 107: 1213-1222. First published July 30, 2009 doi:10.1152/japplphysiol.00316.2009.-Phagocytosis and oxidative burst are critical host defense mechanisms in which neutrophils clear invading pathogens. Clearing phagocytic neutrophils by triggering apoptosis is an essential process for controlling inflammation. This study elucidates how various exercise bouts with/without hypoxia affected neutrophil bactericidal activity and subsequent apoptosis in humans. Fifteen sedentary males performed six distinct experimental tests in an air-conditioned normobaric hypoxia chamber: two normoxic exercises [strenuous exercise (SE; up to maximal O 2 consumption) and moderate exercise (ME; 50% maximal O2 consumption for 30 min) while exposed to 21% O 2], two hypoxic exercises (ME for 30 min while exposed to 12% and 15% O2), and two hypoxic exposures (resting for 30 min while exposed to 12% and 15% O 2). The results showed that 1) plasma complement-C3a desArg/C4a desArg/C5a concentrations were increased, 2) expressions of L-selectin/lymphocyte functin-associated antigen-1/Mac-1/C5aR on neutrophils were enhanced, 3) phagocytosis of neutrophils to Esherichia coli and release of neutrophil oxidant products by E. coli were elevated, and 4) E. coli-induced phosphotidylserine exposure or caspase-3 activation of neutrophils were promoted immediately and 2 h after both 12% O 2 exposure at rest and with ME as well as normoxic SE. Although neither normoxic ME nor breathing 15% O2 at rest influenced these complement-and neutrophil-related immune responses, ME at both 12% and 15% O2 resulted in enhanced complement activation in the blood, expressions of opsonic/complement receptors on neutrophils, or the bactericidal activity and apoptosis of neutrophils. Moreover, the increased neutrophil oxidant production and apoptosis by normoxic SE and hypoxic ME were ameliorated by treating neutrophils with diphenylene iodonium (a NADPH oxidase inhibitor). Therefore, we conclude that ME at 12-15% O2 enhances bactericidal capacity and facilitates the subsequent apoptosis of neutrophils.
Clearing phagocytic neutrophils by triggering apoptosis is an essential process for controlling inflammation. This study elucidates how various exercise bouts with/without hypoxia affected neutrophil bactericidal activity and subsequent apoptosis in humans. Fifteen sedentary males performed six distinct experimental tests in an air-conditioned normobaric hypoxia chamber: two normoxic exercises [strenuous exercise (SE; up to maximal O 2 consumption) and moderate exercise (ME; 50% maximal O2 consumption for 30 min) while exposed to 21% O 2], two hypoxic exercises (ME for 30 min while exposed to 12% and 15% O2), and two hypoxic exposures (resting for 30 min while exposed to 12% and 15% O 2). The results showed that 1) plasma complement-C3a desArg/C4a desArg/C5a concentrations were increased, 2) expressions of L-selectin/lymphocyte functin-associated antigen-1/Mac-1/C5aR on neutrophils were enhanced, 3) phagocytosis of neutrophils to Esherichia coli and release of neutrophil oxidant products by E. coli were elevated, and 4) E. coli-induced phosphotidylserine exposure or caspase-3 activation of neutrophils were promoted immediately and 2 h after both 12% O 2 exposure at rest and with ME as well as normoxic SE. Although neither normoxic ME nor breathing 15% O2 at rest influenced these complement-and neutrophil-related immune responses, ME at both 12% and 15% O2 resulted in enhanced complement activation in the blood, expressions of opsonic/complement receptors on neutrophils, or the bactericidal activity and apoptosis of neutrophils. Moreover, the increased neutrophil oxidant production and apoptosis by normoxic SE and hypoxic ME were ameliorated by treating neutrophils with diphenylene iodonium (a NADPH oxidase inhibitor). Therefore, we conclude that ME at 12-15% O2 enhances bactericidal capacity and facilitates the subsequent apoptosis of neutrophils.
phagocytosis; apoptosis CIRCULATING NEUTROPHILS have an integral role in eradicating microbial pathogens from the body (3). Abnormal phagocytosis is associated with numerous clinical disorders that involve the neutrophil itself or with an immunoglobulin or complement defect, increasing an organism's susceptibility to bacterial infection (13, 15) . Although neutrophil bactericidal responses are highly beneficial to the host, the subsequent termination of infection-induced inflammation is critical for limiting tissue damage (23) . However, an effective nonpharmacological strategy for preventing microbial infection by enhancing neutrophil bactericidal capacity and subsequent apoptosis has not yet been established.
Severe hypoxic exposure facilitates a rapid microvascular inflammatory response characterized by enhanced leukocyteendothelial adherence and emigration, which increases vascular permeability (34, 35) . Recently, Wang et al. (27) further demonstrated that acute exposure to 12% O 2 (but not 15%, 18%, or 21% O 2 ) promotes chemotactic, phagocytic, and oxidative burst activities of neutrophils by elevating lipid peroxidation and depressing antioxidative capacity in blood. Physical exercise can also affect the bactericidal capacity of neutrophils in an intensity-dependent manner (9) . However, no clear and comprehensive picture of exercise-mediated neutrophil bactericidal and subsequent apoptotic responses under various hypoxic conditions has emerged in the literature.
Upon encountering bacteria, neutrophils first perform phagocytosis and generate ROS to kill the microbes and prevent them from spreading further (12) . Thereafter, neutrophils undergo apoptosis after phagocytosis to microbial pathogens, which then removes these cells by macrophage uptake (33, 38) . The successful arrest and transmigration of blood neutrophils to the vasculature in inflamed tissues depends on multiple adhesion cascades between neutrophils and vascular endothelial cells (14) . The emigrated neutrophils then recognize the invading pathogens by the Fc receptor for IgG and complement receptors for complement fragments (3, 12) . By internalizing the pathogens, the stimulated neutrophils yield ROS by activating NADPH oxidase to destroy the invading microbes (18) and then accelerate the rates of their own apoptosis and clearance by exposing membrane phosphotidylserine (PS) (33) and/or activating intracellular caspases (20, 38) . We hypothesize that systemic hypoxia impacts the cascades of neutrophil bactericidal and subsequent apoptotic responses during exercise, in which the magnitude of the response is dependent on the level of hypoxia.
In light of the above evidence, this investigation compared how various exercise regimens with/without hypoxia affect the complement systems in blood, the expressions of adhesion molecules and opsonic/complement receptors on neutrophils, and the bactericidal and apoptotic responses of neutrophils. The goal of this study was to clarify the effect of acute hypoxic exercise on bactericidal capacity and subsequent apoptosis of neutrophils.
METHODS

Subjects.
The Ethics Committee of Chang Gung Memorial Hospital reviewed and approved the study protocol. All experiments were performed according to institutional guidelines. Fifteen healthy sedentary males (means Ϯ SE; age: 23.7 Ϯ 1.5 yr, height: 173.4 Ϯ 2.8 cm, and weight: 68.5 Ϯ 2.8 kg) were enrolled in the study after informed consent had been obtained (Table 1 ). All subjects were nonsmokers, nonmedication/vitamin users, infection free and cardiopulmonary risk free [i.e., Ͻ10,000 leukocytes/l, blood cholesterol level: Ͻ200 mg/dl, blood pressure (BP): Ͻ140/90 mmHg, and force expiratory volume in 1 s/forced vital capacity: Ͼ80%, as measured by Chang Gung Memorial Hospital]. Subjects were recruited from Chang Gung University. Moreover, no subject had engaged in any regular mountain climbing (i.e., altitude of Ͼ3,000 m Յ 1 time/yr, stated period of time Ͻ1 days) or other physical activity (i.e., exercise frequency Յ1 time/wk, duration Ͻ20 min) for at least 1 yr before the study. Subjects fasted for at least 8 h and were instructed to refrain from exercise for at least 48 h before the study. All subjects arrived at the testing center at 9:00 AM on the morning of the experiment to avoid diurnal effects.
Experimental protocol and blood collection. Subjects underwent six different experimental protocols on each of 6 days in an airconditioned normobaric hypoxia chamber (Colorado Mountain Room). The chamber temperature was maintained at 22°C (Ϯ0.5°C), and the relative humidity was 60% (Ϯ5%). The chamber was equipped with a CO 2 scrubber to eliminate CO2 from the air (Ͻ3,500 ppm) (26, 27) . The flow exchange rate was 12 l/min in the chamber. The first protocol was 2 min of unloaded pedaling, after which the workload was increased incrementally by 20 -30 W (i.e., Յ120 W of the workload was increased 30 W and Ͼ120 W of the workload was increased 20 W) every 3 min until volitional exhaustion under 21% O 2 air [strenuous exercise (SE) ]. This exercise test determined the maximal O2 consumption (V O2 max) in test subjects as described elsewhere (30) . The average value of V O2 max in these subjects was 41.7 Ϯ 3.1 ml ⅐ min Ϫ1 ⅐ kg Ϫ1 (mean Ϯ SE). Two weeks after the first test, another five protocols were randomly assigned to subjects in a counterbalanced order. The protocols were performed at 2-wk intervals to ensure complete recovery between trials. In protocols 2-6, subjects exercised at 50% of the predetermined V O2 max [moderate exercise (ME)] on a bicycle ergometer under 21.0 Ϯ 0.5% O 2, 15.0 Ϯ 0.5% O2 [ME with moderate hypoxia (MH) (ME-MH group)], and 12.0 Ϯ 0.5O2 [ME with severe hypoxia (SH) (ME-SH group)] air for 30 min as well as rested in the sitting position under 15.0 Ϯ 0.5% O 2 (MH) and 12.0 Ϯ 0.5% O2 (SH) air for 30 min ( Table 1 ). The O2 concentrations of 12%, 15%, and 21% correspond to altitudes of ϳ4,460 m, 2,733 m, and sea level, respectively. Participants breathed setting O 2 concentrations for 5 min before the exercise bout. Arterial O2 saturation (SaO2) was measured by finger pulse oximetry (model 9500, Nonin Onyx); BP and heart rate (HR) were monitored by an automatic blood pressure system (model 412, Quinton) (28) . For safety reasons, the test was terminated immediately if the SaO 2 level dropped to Ͻ70% or if the subject complained of discomfort. No subjects exhibited acute mountain sickness (AMS) symptoms (i.e., Lake Louise consensus: scoring Values are means Ϯ SE; n ϭ 15 subjects. Pre, before the test; Post, immediately after the test; Post 2 h, 2 h after the test. *P Ͻ 0.05, Pre vs. Post or Post 2 h; †P Ͻ 0.05, ME-N vs. ME-MH or ME-SH. Values are means Ϯ SE; n ϭ 15 subjects. ME-N, normoxic moderate exercise; SE-N, normoxic strenuous exercise; MH, moderate hypoxia (15% O2); SH, severe hypoxia (15% O2); ME-MH, ME at 15% O2; ME-SH, ME at 12% O2. *P Ͻ 0.05, ME-N vs. ME-MH or ME-SH.
of AMS Ͻ3) immediately and 2 h after the experiments. Moreover, compliance rates for all tests were 100%.
Before , immediately after, and 2 h after the experimental tests, 40 ml of blood samples were collected from the antecubital vein within 1 min using a venipuncture (20-gauge needle) under controlled venous stasis at 40 Torr. The first 2 ml of blood were discarded, and the hematological parameters and neutrophil functions of the remaining blood sample were measured. Blood cells were counted using a Sysmax SF-3000 cell counter (GMI); blood pH, PCO 2, HCO 3 Ϫ , and lactate concentrations were determined using an i-STAT clinical analyzer (ϩCG4. i-STAT) (28) .
Plasma complement fragments and norepinephrine and epinephrine levels. A 10-ml sample of venous blood was collected in a polypropylene tube containing EDTA (Sigma) with a final concentration of 4 mM. The plasma was obtained by centrifugation at 10,000 g for 30 min at 4°C. Concentrations of plasma complement fragments C3a desArg (Assay Designs), C4a desArg (Assay Designs), C5a (DRG), norepinephrine (Genway), and epinephrine (Genway) were assayed using ELISA kits.
Neutrophil separation. Thirty milliliters of the blood sample were transferred into a polypropylene tube containing heparin (Sigma, final concentration: 10 IU/ml) before, immediately after, and 2 h after each test. Peripheral blood neutrophils were separated by density-gradient centrifugation in a Polymorphprep tube according to the manufacturer's instructions (Nycomed) (27, 28) . Briefly, the heparinized whole blood was carefully layered over 1 volume of Polymorphprep in a polypropylene tube. After centrifugation at 450 g for 35 min at 20°C, the neutrophil fraction was harvested using a pipette, and the separated cells were then washed in RPMI-1640 medium (Sigma) by recentrifugation at 600 g for 10 min at 20°C. Neutrophil purity, which was determined by flow cytometry using an anti-CD16 monoclonal antibody conjugated with FITC (clone CB16, eBioscience) and according to the cell distribution in forward and sideward scatter, was Ͼ95%. Isolated neutrophils were resuspended in heparinized plasma, adjusted to 5 ϫ 10 6 cells/ml, and then maintained at 4°C for no more than 1 h before use.
Adhesion molecules and opsonic/complement receptors on neutrophils. The neutrophil suspension was incubated with a saturating concentration of monoclonal anti-human L-selectin (CD62L, clone DREG56, eBioscince), lymphocyte function-associated antigen-1 (LFA-1; CD11a, clone HI111, eBioscince), Mac-1 (CD11b, clone ICRF44, Serotec), Fc receptor type IIIB (Fc␥RIIIB; CD16b, clone 1D3, Biodesign), complement receptor 1 (CR1; CD35, clone AR2, Exalpha Biologicals), C1q receptor (C1qR; CD93, clone R139, eBioscience), or C5a receptor (C5aR; CD88; clone Pl2/1, Serotec) antibodies conjugated with FITC or anti-rabbit IgG control antibody (eBioscince) conjugated with FITC in darkness for 30 min at 4°C. Neutrophils treated with control antibody were used to correct for background fluorescence. After fixation with 2% formaldehyde in HBSS (Sigma), the mean fluorescence gained from 5,000 events representing the neutrophils was calculated using a FACScan flow cytometer (Becton Dickinson) (27) . Fig. 1 . Effects of various exercise bouts with/without hypoxia on blood complement systems [C3a desArg (A), C4a desArg (B), and C5a (C)]. Pre, before the test; Post, immediately after the test; Post 2h, 2 h after the test; N, normoxic trials, ME-N, normoxic moderate exercise; SE-N, normoxic strenuous exercise; MH, moderate hypoxia (15% O2); SH, severe hypoxia (15% O2); ME-MH, ME at 15% O2; ME-SH, ME at 12% O2. Values are means Ϯ SE. *P Ͻ 0.05, Pre vs. Post or Post 2h; ϩP Ͻ 0.05, ME vs. ME-SH.
Phagocytosis and oxidative burst of neurophils. The phagocytic and oxidative burst activities of neutrophils were evaluated using the commercial PHAGOTEST (ORPEGEN Pharma) and BURSTTEST (ORPEGEN Pharma) kits, respectively, by quantitative flow cytometric techniques according to the manufacturer's instructions (27) . In some experiments, before neutrophils and Esherichia coli were coincubated, 10 M diphenylene iodonium (DPI; a compound that binds to and inhibits flavin-containing oxidase, Sigma) was added to the neutrophil suspension, which was then warmed to 37°C for 10 min.
To determine phagocytic activity, 100 l of neutrophil-rich plasma (5 ϫ 10 6 cells/ml) were mixed with 20 l of opsonized FITC-labeled E. coli suspension (ORPEGEN Pharma, 1 ϫ 10 9 cells/ml, such that the final ratio was 1 polymorphonuclear neutrophil to 40 E. coli), and the neutrophil-E. coli mixture was then incubated at 37°C for 10 min. After incubation, 100 l of ice-cold quenching solution were immediately added to the cell mixture, and the mixture was then washed twice with 3 ml of washing solution under centrifugation at 250 g for 10 min at 4°C. Washed neutrophils were then resuspended in HBSS (Sigma). The percentage of neutrophils exhibiting phagocytosis was determined by FACScan flow cytometry (Becton Dickinson) according to the following formula: (phagocytized neutrophils/total neutrophils) ϫ 100 (27) .
To measure oxidative burst activity, 100 l of neutrophil-rich plasma (5 ϫ 10 6 cells/ml) was mixed with 20 l of the opsonized E. coli suspension (ORPEGEN Pharma, 1 ϫ 10 9 cells/ml, 1 neutrophil:40 E. coli). The neutrophil-E. coli mixture was then incubated at 37°C for 10 min and 4 h. Afterward, 20 l of fluorogenic substrate solution containing dihydrorhodamine-123 (DHR-123; final concentration: 10M, Sigma) were immediately added to the cell mixture before further incubation at 37°C for 10 min. The nonfluorescent DHR-123 after loading was converted to the fluorescent product rhodamine-123 (R123) by an interaction with reactive oxygen intermediates (21) . The mean R-123 fluorescence obtained from 5,000 events, which represented basal and E. coli-stimulated neutrophils, was measured by FACScan flow cytometry (Becton Dickinson) (27) .
Apoptosis of neutrophils. One hundred microliters of neutrophilrich plasma (5 ϫ 10 6 cells/ml) were mixed with 20 l of opsonized E. coli suspension (ORPEGEN Pharma, 1 ϫ 10 9 cells/ml, 1 neutrophil:40 E.coli). The neutrophil-E.coli mixture was then incubated at 37°C for 4 h. In some experiments, before coincubation of neutrophils and E. coli, 10 M DPI (Sigma) was added to the neutrophil suspension, which was then warmed to 37°C for 10 min. Apoptosis was analyzed based on PS exposure and caspase-3 activation. The PS exposure was detected by FACScan flow cytometry (Becton Dickinson) using a commercial annexin V Cyt5 kit (Mountain View) (31, 32) . Active caspase-3 content was measured by flow cytometry (Becton Dickinson) using a commercial fluorescein active caspase-3 kit (Mountain View) (31, 32) .
Statistical analysis. Data are expressed as means Ϯ SE. The statistical software package StatView IV was used for data analysis. Comparisons of experimental parameters (hematological parameters and plasma complement concentrations as well as the expressions of adhesion molecules and opsonic/complement receptors on neutrophils, phagocytosis, oxidative burst, and apoptosis of neutrophils) before, immediately after, and 2 h after various experimental tests were analyzed by 6 (sessions) ϫ 3 (time sample points) repeatedmeasures ANOVA and Tukey's multiple-range test. The criterion for significance was P Ͻ 0.05.
RESULTS
Cardiopulmonary functions. The decrease in SaO 2 caused by hypoxia was related to the decline in the exposing concentrations of O 2 . Moreover, ME under both 12% and 15% O 2 conditions induced a lower SaO 2 than normoxic ME did (P Ͻ 0.05). Exposure to 12% O 2 , but not to 15% O 2 , increased resting HR, whereas both of these hypoxic exposures promoted the increase in HR by ME (P Ͻ 0.01). Although neither 12% nor 15% O 2 exposure altered systolic or diastolic BP at rest, ME at 12% O 2 induced a higher systolic BP than normoxic ME did (P Ͻ 0.05; Table 1 ). Additionally, ME at both 12% and 15% O 2 induced more minute ventilation than normoxic ME did (P Ͻ 0.05), while the V O 2 max results did not differ among these normoxic/hypoxic ME tests (Table 1) .
Normoxic SE and ME as well as ME at 12% and 15% O 2 increased plasma norepinephrine concentrations (P Ͻ 0.05), whereas normoxic SE and ME at 12% O 2 increased plasma epinephrine concentrations (P Ͻ 0.05). Two hours after these normoxic and hypoxic exercise bouts, the concentrations of norepinephrine/epinephrine in plasma returned to preexercise levels. However, no significant changes in plasma norepinephrine/epinephrine concentrations occurred immediately and 2 h after both 12% and 15% O 2 exposures (Table 2) . Additionally, normoxic SE significantly reduced the blood pH value, which was accompanied by decreased PCO 2 and HCO 3 Ϫ levels and increased blood lactate concentrations. Although both 12% and 15% O 2 exposures did not alter the parameters of acid-base balance in blood, the two hypoxic exposures enhanced blood acidosis caused by ME. Furthermore, ME at 12% O 2 generated a higher level of lactate in blood than normoxic ME and ME at 15% O 2 did (P Ͻ 0.05; Table 2 ).
Complement systems in blood and adhesion molecules/opsonic/complement receptors on neutrophils. Plasma C3a desArg (Fig. 1A), C4a desArg (Fig. 1B) , and C5a (Fig. 1C) concentrations increased 2 h after normoxic SE and 12% O 2 exposure (P Ͻ 0.05). These complement fragments (Fig. 1, A-C) were also elevated immediately after and 2 h after ME at 12% O 2 (P Ͻ 0.05). Conversely, normoxic ME, 15% O 2 exposure, and ME at 15% O 2 did not cause any change in blood complement systems (Fig. 1, A-C) .
All normoxic/hypoxic exercise tests increased blood neutrophil counts (P Ͻ 0.05), whereas the various hypoxic exposures without exercise had no effect (Fig. 2) . Moreover, the neutrophilic leukocytosis induced by moderate exercise was larger while exposed to 12% O 2 than that in a normoxic environment (P Ͻ 0.05; Fig. 2 ). The expressions of L-selectin (Fig. 3A) , LFA-1 (Fig. 3B) , Mac-1 (Fig. 3C) , and C5aR (Fig. 3D ) on neutrophils were enhanced immediately after or 2 h after normoxic SE and 12% O 2 exposure as well as after ME at 12% and 15% O 2 (P Ͻ 0.05). Moreover, ME at 12% O 2 induced higher expressions of L-selectin (Fig. 3A) , LFA-1 (Fig. 3B) , Mac-1 (Fig. 3C) , and C5aR (Fig. 3D ) on neutrophils than normoxic ME did (P Ͻ 0.05). However, no significant changes in FC␥RBIII, CR1, and C1qR contents on neutrophils occurred immediately after and 2 h after all normoxic/hypoxic tests (data not showed).
Phagocytosis and oxidative burst of neutrophils. Normoxic SE and 12% O 2 exposure as well as ME at 12% and 15% O 2 significantly increased the percentage of phagocytosis of neutrophils to E. coli (P Ͻ 0.05; Fig. 4A ) and the production of neutrophil-derived ROS by E. coli (P Ͻ 0.05; Table 3 ). Conversely, normoxic ME and 15% O 2 exposure conditions were unassociated with any changes in the phagocytic (Fig.  4A ) and oxidative burst (Table 3 ) activities of neutrophils. The enhanced neutrophil oxidative bursts induced by normoxic SE, 12% O 2 exposure and ME at 12% and 15% O 2 were suppressed when neutrophils were treated with DPI (Table 3) . However, DPI pretreatment did not affect the changes in neutrophil phagocytosis that were caused by these normoxic/hypoxic tests (Fig. 4B) .
Apoptosis of neutrophils. E. coli-induced neutrophil PS
exposure was enhanced immediately after or 2 h after normoxic SE and 12% O 2 exposure as well as after ME at 12% and 15% O 2 (Table 4) , whereas E. coli-induced neutrophil caspase-3 activation was promoted immediately after or 2 h after normoxic SE and ME at 12% O 2 (Table 5 ). However, treatment of neutrophils with DPI suppressed the enhancements of E. coli-induced neutrophil PS exposure (Table 4 ) and caspase-3 activation ( Table 5 ) that were caused by these normoxic/hypoxic tests.
DISCUSSION
This study is the first to demonstrate clearly that systemic hypoxia promotes exercise-mediated bactericidal and subsequent apoptotic responses in human neutrophils. Namely, acute exposure to 12-15% O 2 enhanced exercise-mediated phagocytic and oxidative burst activities of neutrophils, which were associated with activated complement systems in blood and/or increased expressions of adhesion molecules/complement receptors on neutrophils. Furthermore, these hypoxic exercises also facilitated neutrophil apoptosis after phagocytosis to microbes by promoting the activation of NADPH oxidase in neutrophils. Animal studies have indicated that environmental hypoxia can slow leukocyte rolling velocity and promote the adherence of leukocytes and their subsequent emigration into the extravascular space of microcirculation (4, 34, 35) . Furthermore, the administration of antibodies to ␤ 2 -integrin eliminated any effect of systemic hypoxia on leukocyte adhesion or emigration (11) . Our recent study (27) of human subjects showed that exposure to 12% O 2 , but not 15% O 2 , enhanced neutrophil transmigration as well as the expression of ␤ 2 -integrin (LFA-1 and Mac-1) on neutrophils. This study indicated that the effect of enhanced L-selectin, LFA-1, or Mac-1 expression on neutrophils by normoxic exercise correlated with the intensity of exercise. In subjects who exercised at the same workload (ME), exposure to both 12% and 15% O 2 induced higher expressions of L-selectin, LFA-1, and Mac-1 on neutrophils than the normoxic condition did. Hence, these results imply that acute exposure to 12-15% O 2 activates selectin and ␤ 2 -integrin on neutrophils during exercise, which may then promote the migration of neutrophils to inflammatory sites along a gradient of chemotactic factors.
Adequate phagocytosis of neutrophils depends on the expressions of the opsonic/complement receptors on the cell surface (3). In this investigation, normoxic ME did not change the classical or alternative pathway of blood complement systems, whereas plasma complement C3a desArg, C4a desArg, and C5a concentrations were significantly increased by ME at 12% O 2 . Moreover, this hypoxic exercise enhanced the phagocytosis of neutrophils to E. coli, which was accompanied by upregulated CR3 (Mac-1) and C5aR on neutrophils. Although ME at 15% O 2 did not activate blood complement systems, the expressions of these complement receptors on neutrophils as well as the phagocytic capacity of neutrophils Values are mean Ϯ SE; n ϭ 15 subjects. *P Ͻ 0.05, Pre vs. Post or Post 2 h.
were significantly increased after this hypoxic exercise. Hence, systemic hypoxia enhances neutrophil phagocytosis during 30 min of ME, possibly by activating blood complement systems and/or upregulating neutrophil complement receptors, with reactions determined by the exposing concentrations of O 2 .
As invading pathogens induce complement activation, the ligation of complement fragments to their receptors further activates NADPH oxidase of neutrophils, which causes an oxidative burst and thereby kills the pathogens (7, 36) . Thus, the present results revealed that ME at both 12% and 15% O 2 promoted the oxidative burst of neutrophils to opsonized E. coli, whereas the neutrophil oxidative burst did not significantly change under normoxic ME conditions. Moreover, the increased oxidative burst of neutrophils by ME at 12-15% O 2 was depressed when neutrophils were treated with DPI. However, this pretreatment with the NADPH oxidase inhibitor did not influence hypoxic exercise-mediated phagocytosis of neutrophils. These experimental results suggest that hypoxic ME can promote the activation of neutrophil NADPH oxidase and further enhance the neutrophil oxidative burst rather than phagocytosis.
Neutrophils undergo apoptosis after phagocytosis to microbial pathogens (33, 38) . Several studies (24, 37) have reported that the neutrophils after DPI pretreatment failed to undergo PS exposure and uptake by macrophages, which suggests that ROS generated by NADPH oxidase activation play a critical role in the onset of neutrophil apoptosis and clearance after phagocytosis. The present study demonstrated that E. coliinduced neutrophil PS exposure was increased after ME at 12-15% O 2 . Just as in the oxidative burst of neutrophils, the increased PS exposure of neutrophils by hypoxic exercise was ameliorated after treatment of neutrophils with DPI. This study also found that ME at 12% O 2 enhanced NADPH oxidasemediated neutrophil caspase-3 activation when neutrophils were stimulated with E. coli. Despite the increased neutrophil PS exposure, most studies of the role of ROS in neutrophil caspase activation have been controversial or incomplete. For example, Zhang et al. (38) and Perskvist et al. (20) demonstrated that Mycobacterium tuberculosis promotes neutrophil apoptosis by activating caspase-3 via the ROS-dependent pathway, whereas Fadeel et al. (8) showed that triggering the sustained oxidative burst with phorbol 12-myristate 13-acetate causes the inactivation of caspase-3 in neutrophils. The discrepancy between these studies is likely due to the use of different stimuli to produce ROS (10) . Oxidant production is generally restricted to the internal phagosome during phagocytosis to microbes, whereas the activation of NADPH oxidase involves the entire plasma membrane with PMA stimulation. The experimental design in this work, that is, stimulation of ROS production of neutrophils by microbes, was similar to that of former studies. Similarly, ME at 12-15% O 2 facilitates E. coli-induced neutrophil apoptotic processes that involve PS exposure and/or caspase-3 activation, possibly by increasing ROS generated by NADPH oxidase activation.
The molecular mechanisms by which hypoxic exercise promotes bactericidal and subsequent apoptotic cascades of neutrophils are unclear, perhaps because the stabilization of hypoxia-inducible factor (HIF)-1␣ by elevated oxidative stress under hypoxic exercise induces the gene expressions of phagocytosis-related adhesion molecules/receptors and proapoptotic factors on neutrophils (2, 16, 22, 26) . HIF-1␣ can directly regulate the bactericidal capacity of phagocytes in the inflammatory microenvironment (6, 25) . Hypoxia can promote mitochondrial ROS generation at complex III, causing the accumulation of HIF-1␣ protein, which is responsible for inducing the expression of a luciferase reporter construct under the control of a hypoxic response element (5). Moreover, Kong et al. (11) demonstrated that the HIF-1-dependent induction of ␤ 2 -integrin gene expression mediates leukocyte adhesion during hypoxia. On the other hand, there is evidence that HIF-1 can trigger apoptosis, possibly when cellular responses are inadequate to meet energy demands under hypoxic conditions (16 changing the blood redox balance toward a prooxidative status, thus triggering HIF-1␣-mediated bactericidal and apoptotic processes of neutrophils. To confirm whether exercise modulates the response of neutrophils to hypoxia in vitro, our pilot study (n ϭ 6) showed that there were no significant differences in phagocytosis and PS exposure of neutrophils between isolated neutrophils after normoxic ME incubated with 12% and 21% O 2 (i.e., phagocytosis: 12% O 2 incubation was from 41 Ϯ 5% to 42 Ϯ 6% and 21% O 2 incubation was from 43 Ϯ 5% to 45 Ϯ 4%; and PS exposure: 12% O 2 incubation was from 7.8 Ϯ 1.8% to 8.2 Ϯ 2.0% and 21% O 2 incubation was from 7.5 Ϯ 1.6% to 7.8 Ϯ 2.1%, respectively). Therefore, the 12-21% O 2 exposure in vitro may not influence neutrophil functions after normoxic exercise. In fact, our recent study (27) also indicated that although exposure to 12% O 2 for 2 h enhanced bactericidal activity and ␤ 2 -integrin expression of neutrophils, no such hypoxia effects on neutrophil functions occurred when the subjects were pretreated with the antioxidant vitamin E. Upon treatment with this antioxidant to scavenge circulating free radicals, the blood O 2 transport parameters of 12% O 2 exposure, such as blood O 2 saturation, red blood cells, and hemoglobin, did not change. Hence, the elevated oxidative stress, rather than hypoxemia, during systemic hypoxia is likely to activate neutrophil functions. These experimental findings may provide new knowledge regarding the benefits of antioxidant agents on AMS scores and the incidence of infectious illness at altitude.
In addition to the stabilization of HIF-1␣ by elevated oxidative stress, the underlying mechanisms of hypoxic exerciseinduced changes of neutrophil functions may be also associated with increased relative exercise intensity, elevated catecholamine secretions, or disturbed acid-base balance in blood. In this investigation, although ME was performed under the same workload during normoxia and hypoxia, a relative increase in intensity (indicated by elevated exercise HR and lactate levels) occurred during exposure to 12% and 15% O 2 . Moreover, the two hypoxic ME regimens also induced higher plasma catecholamine (epinephrine and norepinephrine) concentrations than normoxic ME did. A previous study (1) has shown that catecholamines, through the activation of ␣ 1 -and ␣ 2 -adrenoceptors, play a role in the regulation of blood neutrophil functions observed during the inflammatory response evoked by lipopolysaccharide. A recent study (19) also demonstrated that the incubation of neutrophils with this postexercise physiological concentration of norepinephrine stimulated phagocytosis, and the effect was blocked by both propranolol and phentolamine. Additionally, extracellular acidosis triggers human neutrophil activation by the activation of phosphatidylinositol 3-kinase/Akt and ERK pathways, inducing a transient increase in intracellular Ca 2ϩ concentration and the upregulation of CD18 expression (17) .
Limitations of the study. Our small sample size is a major limitation of this study. However, the results obtained from this investigation have high values of statistical power, from 0.896 to 1.000. Additionally, the group of 15 healthy men did not represent a group at risk of high-altitude or episodic hypoxiarelated disorders. It remains unclear whether exercise affects neutrophil functions in people with hypoxia-related risk factors. Therefore, further clinical evidence is required to extrapolate these present results to individuals with a medical history of AMS or patients with episodic hypoxia. Furthermore, the effects of continuous exercise training with hypoxia on neutrophil functions need to be further investigated.
Conclusions. In conclusion, this study showed that ME at 12-15% O 2 enhances phagocytosis and oxidative burst in neutrophils, which are responses associated with increased expressions of adhesion molecules/complement receptors on neutrophils. Furthermore, ME at 12-15% O 2 facilitated subsequent apoptotic processes of neutrophils by the activation of NADPH oxidase.
